In response to new demands for infant walking orthoses consideration was given to
Introduction
Reciprocal walking orthoses for patients with severe lower limb disability have been routinely available for many years (Douglas et ah, 1983; Butler and Major, 1987; Jaspers et ah, 1997) . In order to achieve therapeutic benefit and improvement in independence, widely accepted as the primary treatment objectives (Carroll, 1974; Mazur et ah, 1989; Williams et ah, 1999) , it is essential that regular and long-term walking in the orthosis occurs. Ease of walking is one of a number of factors which influence the degree to which good patient compliance is achieved, and lateral rigidity of the orthosis has been identified as a key parameter in determining the efficiency of reciprocal ambulation (Stallard and Major, 1993) . A further important factor is patient acceptability of the orthosis, and to this end bulk and weight needs to be kept to a minimum, consistent with the structural requirements for walking performance. The ORLAU Parawalker (Butler and Major, 1987) was designed particularly to achieve a high degree of lateral stiffness (Stallard et ah, 1986) . This is intended to keep energy cost as low as possible, and research has borne out this relationship (Stallard and Major, 1995) . High stiffness in low cost engineering structures almost always leads to undesirable bulk. For paraplegic walking orthoses, therefore, a compromise needs to be achieved between acceptable size and structural performance. Whilst the Parawalker will accommodate, with only minor modifications, patients in the age range of five years into adulthood, the bulk of the structure becomes increasingly obtrusive in younger patients. This frequently mitigates against choice on grounds of cosmesis and makes the orthosis impractical for patients who are younger than this.
A growing trend of applying reciprocal walking to children under the age of five years (Phillips et al, 1995) has created a new requirement for orthoses in this category. More recently, primarily in response to the increasing prevalence of total body involved cerebral palsy (Alberman and Botting, 1991) , the technique of reciprocal walking has been applied to conditions other than paraplegia (Stallard et al, 1996) . A clinical requirement for cerebral palsy patients is that reciprocal walking orthoses should be prescribed at an early stage in order to apply the principle of targeted learning via orthotically imposed movement patterns (Butler and Major, 1992) . Despite the availability of active muscle power, the degree of lateral rigidity in the orthosis has been identified as being equally important for these patients as for those with paraplegia (Stallard et al, 1996) .
The development of a new, smaller, orthotic hip joint which has all the requirements of reciprocal walking for paraplegic patients provided an opportunity to re-examine the design parameters of the Parawalker. A theoretical analysis of potential designs of the Parawalker for paediatric patients incorporating the new hip joint was therefore undertaken. This indicated that a new orthosis for younger patients could theoretically achieve a specification which maximised the potential for walking efficiency (in comparison with adults), whilst reducing the bulk to the more acceptable levels exhibited in a number of alternative reciprocal walking orthosis designs.
A prototype orthosis of a size suitable for an infant patient was produced for initial structural testing . This exercise provided sufficient reassurance regarding structural performance to enable prescription to a limited number of patients. Conscious of the need, for new devices, to produce evidence of safe application for the EC Medical Devices Directive (European Council, 1993) Technical File, a field of evaluation of the orthosis was undertaken with three patients, whose use of the orthosis was carefully monitored. Additional laboratory cyclic structural testing was also carried out, so as to provide assurance about the potential long-term structural performance.
Orthosis design
Because of the established relationship between walking efficiency and lateral orthosis stiffness (Stallard and Major, 1995) , a primary design objective was that the structural performance of the infant body orthosis should be at least comparable with that of the adult model Parawalker. The prototype hip joint was designed so that smaller diameter cross-bracing tubes could be employed. Upper and lower stainless steel tubes of 12.7mm (0.5") external diameter were estimated to provide appropriate structural performance. These were formed and welded to 40mm x 15mm x 3.2mm Qi") stainless steel flanges that permit the structure to be assembled using M5 bolts. Testing confirmed that equivalence had been achieved . The knee-ankle-foot orthosis sections incorporated 12.7mm (0.5") Masser knee joints and were cross-braced with a steel thigh-brand, steel calf-band and aluminium alloy shoeplate. Figure 1 shows the general design of the orthosis. 
Methods
An orthosis for each of three patients was manufactured as a rehabilitation engineering device within the provisions of the EC Medical Devices Directive (European Council, 1993) and under the control of the ORLAU Quality Assurance System (British Standards Institute, 1994 and 1997) .
The orthoses were followed up within 3 months of initial supply and then at six monthly intervals to establish on-going serviceability and history of usage.
Orthosis dimensions and review details are shown in Table 1 .
In order to provide further reassurance regarding long-term safety and durability a parallel exercise of cyclically loading an orthotic structure for a notional subject at the upper end of the size range as conducted. This was done to extend the initial testing from 100,000 cycles to 1,000,000 cycles of representative loading under the most rigorous service conditions anticipated. Details of the orthosis were: • heel to axilla height 770mm • leg length 530mm • hip width 205 mm chest width 200mm • maximum depth 95mm The maximum moment in the mediolateral plane that would be experienced by the hip joint of such an orthosis was determined from the data published by the EC CRAFT Project on forces and moments in lower limb orthoses (Ferrarin et al, 2001) .
Testing was conducted in a Testometric M500 -25kN Testing Machine by applying a compressive load to the complete orthosis along an axis with the external edge of one shoeplate and the opposite top edge of the orthosis, when viewed in the coronal plane (Fig. 2.) This was arranged to apply a moment of 17.5 Nm to the hip joint of the prototype orthosis at a cross-head speed of 500mm/min. Data was imported into dedicated Testometric WinTest Software via a Personal Computer at a rate of approximately 10 data points per second. The cyclic testing programme was as follows:
• an initial 500,000 cycles at 17.5 Nm • a deliberate overload (50Nm) sufficient to cause plastic deformation in the orthosis was applied to represent potential service "maltreatment" • a further 500,000 cycles of loading at 17.5Nm. 
Results
The three orthoses were all supplied, together with an appropriate walking frame, for the treatment of cerebral palsy by assisting the training of lower limb movements during ambulation. Each was applied as part of a physiotherapy supervised treatment regime.
At each routine review of the patient a careful inspection of all structural elements of the orthosis was carried out. No breakages or incipient signs of failure were detected on any of the orthoses during the evaluation period.
In the structural test programme the orthosis completed 500,000 loading cycles of 17.5Nm on the hip joint in the mediolateral plane without any deformation or signs of fatigue.
Following the deliberate overload of 50Nm at the 500,000 cycle point in the programme, inspection revealed some permanent deformation. This appeared to be centred on the knee joint, there being evidence of plastic opening of the fork in the lower member. Upon further application of the 17.5Nm load increased strain of the system was noted, indicating a reduction in lateral stiffness.
Despite the damage inflicted by the deliberate overload, the orthosis sustained a further 500,000 cycles of loading at 17.5Nm without a dangerous fracture occurring.
Discussion
Field experience with the orthosis provided satisfactory evidence of its durability. Establishing a successful outcome for the motor learning objectives of treatment will require routine clinical reviews over a period in excess of that necessary to demonstrate that the orthosis has acceptable performance. As such this is beyond the scope of the work reported, which is limited to engineering evaluation. The initial trials showed that the new orthosis has the potential to provide effective controls of the lower limbs in very young patients. No patient related problems with the orthosis were reported.
It was gratifying that over the two year evaluation period no mechanical breakdowns occurred and no repairs were required to any of the orthoses. Whilst this was an anticipated outcome, because each of the subjects was within the maximum loading for which the system was designed, it nevertheless confirmed the suitability of the specification.
The three patients referred for this new device all required the free knee joint specification intended for cerebral palsy patients. Consequently no paraplegic patient using a fixed knee version of the orthosis has yet been supplied. This is due to the decreased numbers of congenital paralysis patients now referred to ORLAU. However, previously reported work has shown that the general structural specification required for adequate walking performance in the ORLAU orthosis for total body involved cerebral palsy patients is similar to that for paraplegic patients (Stallard et al, (1996) . For this reason there is confidence that, from an engineering standpoint, the system will be adequate for this latter group.
Analysis of the specific structural and functional features of the new infant design of orthosis indicates that they have matched or improved those available in the standard ORLAU Parawalker. This suggests that patients should be able to walk with the same facility as that achieved by heavier patients in the previous "standard" Parawalker design.
Initial testing of the prototype structure over 100,000 cycles provided sufficient evidence of safety to permit field evaluation to be undertaken. The additional cyclic testing of the orthosis conducted in this study, in parallel with field evaluation, was undertaken to enable the longer-term performance to be verified. A deliberate overload was introduced after 500,000 cycles because of the common experience of mechanical maltreatment, which is almost inevitable in the busy school environment in which such devices are often used. That the structure responded without catastrophic fracture is testament to its inherent safety.
Conclusion
Safety of the new orthosis has been assured by an extensive programme of laboratory testing, and by field evaluation in the carefully controlled conditions of a rehabilitation engineering quality assurance system. Since the principles of reciprocal walking orthoses have long been established the evaluation elements of the Technical File for the device new meets the requirements of the EC Medical Devices Directive (European Council, 1983) .
Wider distribution can now be safely contemplated. This will require a comprehensive manual, mandatory supply instructions and inclusion of the orthosis in the United Kingdom Motinn-o Health Service Approved Reciprocal .""':;:.: Or-.i.-vi-'•"/ ••'•., so that all the professions needed tor successful prescription can be informed of the specific features and requirements of the device. The success achieved with the prototype has given sufficient encouragement for this additional work to be commenced.
